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Abstract 
Sclerotinia sclerotiorum is one of the most devastating necrotrophic phytopathogens.  Virulence of the hyphae of this fungus 
at different ages varies significantly.  Molecular mechanisms underlying this functional distinction are largely unknown.  In this 
study, we confirmed the effect of mycelial culture time/age on virulence in two host plants and elucidated its molecular and 
morphological basis.  The virulence of the S. sclerotiorum mycelia in plants dramatically decreases along with the increase 
of the mycelial age.  Three-day-old mycelia lost the virulence in plants.  Comparative proteomics analyses revealed that 
metabolism pathways were comprehensively reprogrammed to suppress the oxalic acid (OA) accumulation in old mycelia. 
The oxaloacetate acetylhydrolase (OAH), which catalyzes OA biosynthesis, was identified in the S. sclerotiorum genome. 
Both gene expression and protein accumulation of OAH in old mycelia were strongly repressed.  Moreover, in planta OA 
accumulation was strikingly reduced in old mycelia-inoculated plants compared with young vegetative mycelia-inoculated 
plants.  Furthermore, supply with 10 mmol L–1 OA enabled the old mycelia infect the host plants, demonstrating that loss of 
virulence of old mycelia is mainly caused by being unable to accumulate OA.  Additionally, aerial mycelia started to develop 
from 0.5-day-old vegetative mycelia and dominated over 1-day-old mycelia grown on potato dextrose agar plates.  They 
were much smaller in hypha diameter and grew significantly slower than young vegetative mycelia when subcultured, which 
did not maintain to progenies.  Collectively, our results reveal that S. sclerotiorum aerial hyphae-dominant old mycelia fail 
to accumulate OA and thereby lose the virulence in host plants.
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mature vegetative mycelia.  However, some fungi do not 
produce any asexual spore.  These fungi comprise over 20 
genera of Agonomycetales deuteromycetes and one genus 
(Sclerotinia) of ascomycetes according to the Dictionary of 
the Fungi (Kirk et al. 2008).  Among them are some econom-
ically important crop pathogens, such as Sclerotinia spp., 
Rhizoctonia spp. and Sclerotium spp. (Zhang et al. 1988). 
Instead to mainly generate sporulating structures for most 
filamentous fungi, these fungi develop solely aerial mycelia 
from mature vegetative mycelia when grown in medium 
plate.  To date, the variation of these two types of mycelia in 
functions, especially in virulence, has not been well studied, 
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and the underlying molecular mechanisms remain unclear.
Sclerotinia sclerotiorum (Lib.) de Bary is one of the most 
devastating necrotrophic fungal phytopathogens, infecting 
over 400 plant species including many important crops 
such as oilseed rape, sunflower and soybean (Bolton et al. 
2006).  Unusually, S. sclerotiorum forms sexual ascospore 
but not any asexual spore.  Anamorph of the fungus only 
produces mycelium and sclerotium.  The well-known patho-
genicity factors of S. sclerotiorum are comprised of cell wall 
degrading enzymes (CWDEs) and oxalic acid (OA) (Godoy 
et al. 1990; Bolton et al. 2006).  The functional mechanisms 
of OA in pathogenicity include many aspects.  It lowers 
the pH around the infection area to enhance the activity of 
extracellular enzymes secreted by S. sclerotiorum, such as 
CWDEs to digest the plant cell wall (Bolton et al. 2006).  OA 
can also chelate Ca2+ to weaken the cell wall and block the 
Ca2+-dependent plant defense responses (Bolton et al. 2006; 
Li et al. 2014).  Moreover, it elicits plant cell death (Kim et al. 
2008), while suppresses two key early plant defense mecha-
nisms, oxidative burst and autophagy and thereby promotes 
the fungal infection in plants (Cessna et al. 2000; Williams 
et al. 2011; Dickman and de Figueiredo 2013; Kabbage et al. 
2013).  The regulatory mechanism of OA biosynthesis in 
S. sclerotiorum has been revealed recently.  Through gene 
deletion study, Liang et al. (2015) have demonstrated that 
the conversion of oxaloacetate to OA and carbon dioxide, 
catalyzed by oxaloacetate acetylhydrolase (OAH), is the 
primary reaction for OA biosynthesis in S. sclerotiorum.
When conducting inoculation experiments with myce-
lium-agar plugs from S. sclerotiorum colony, researchers 
often collect the mycelia from outside part of the fungal 
colony, which result in obviously higher virulence in host 
plants than those from inside part of the colony (Godoy et al. 
1990; Chen and Dickman 2005).  However, the mechanism 
underlying it remains unknown.  In this study, we elucidated 
the morphological and molecular basis for the effect of my-
celial cultural time/age on virulence in host plants.  
2. Results
2.1. The old Sclerotinia sclerotiorum mycelia lose 
the virulence in host plants
To compare the virulence of the hyphae of S. sclerotiorum 
(Ssc) at various ages, plugs of Ssc mycelia at different 
distances from the central mother mycelia disc in the same 
large plates (and thus at various growing time, referred to 
different ages from young to old hereinafter, Fig. 1-A) were 
inoculated on leaves of oilseed rape (Brassica napus).  The 
resulting necrotic disease symptom varied dramatically 
(Fig. 2-A).  Leaf areas inoculated with plugs of 0-day-old 
young mycelia initiated necrosis at about 16 h post inocu-
lation (hpi).  The necrotic area increased rapidly to nearly 1 
cm at diameter at 24 hpi, 1.8 cm at 36 hpi, 2.5 cm at 48 hpi 
and 3.9 cm at 60 hpi (Fig. 2-B).  Leaf areas inoculated with 
plugs of 0.5-day-old mycelia began to form necrosis at about 
28 hpi, the necrotic area enlarged to 0.4 cm at diameter at 
36 hpi, 1.0 cm at 48 hpi and 1.8 cm at 60 hpi (Fig. 2-B). 
Leaf areas inoculated with plugs of 1-day-old mycelia 
initiated necrosis at about 44 hpi, formed slowly a necrotic 
area with 0.2 cm at diameter at 48 hpi, which did not extend 
significantly thereafter (Fig. 2-B).  Remarkably, leaf areas 
inoculated with plugs of 1.5-day- and 2.0-day-old mycelia 
did not cause necrosis until 60 hpi, while those inoculated 
with plugs of 3-day-old mycelia did not show any symptom 
at 60 hpi (Fig. 2-A).  These data demonstrate that virulence 
of the Ssc mycelia in host plants significantly decreases 
along with the increase of the mycelial age.
Similar results were obtained when the Ssc mycelia were 
inoculated on Nicotiana benthamiana, a solanaceous host 
plant for this fungus (Appendix A).  This result confirms that 
old Ssc mycelia lose the virulence in host plants.
2.2. The Ssc old mycelia are dominated by aerial 
hyphae, which exhibit distinct morphological char-
acters to the young vegetative mycelia and are de-
veloped from the mature vegetative mycelia
The morphological characters of Ssc hyphae at different 
growing times in the same large plates were comparatively 
observed.  The newly developed mycelia of Ssc grew rap-
idly, sparsely and tightly on the surface of potato dextrose 
agar (PDA) medium plates.  Along with growing, the my-
celia turned into denser and denser and grew upwards in 
the air (Fig. 1-A).  The mycelia at different ages displayed 
significantly different morphological features when observed 
under light microscopy (Fig. 1-B to H).  The newly developed 
(0-day old) hyphae were branched (Fig. 1-B).  Some tinier 
hyphae generated from the trunk hyphae and grew still on 
the surface of medium in the 0.25-day old mycelia area 
(Fig. 1-C).  Aerial mycelia started to develop from these tiny 
hyphae in the 0.5-day-old mature vegetative mycelia area 
(Fig. 1-D).  More and more aerial hyphae formed hereafter 
and grew upwards in the air (Fig. 1-E and F).  The areas 
of mycelia older than 1 day were completely covered with 
flourish aerial mycelia (Fig. 1-F–H).  
Strikingly, light microscopic measurement revealed that 
diameter of the aerial hyphae was less than 5 μm, which 
was over 5 times smaller than that of the young vegetative 
hyphae (Appendix B).  Nevertheless, the aerial hyphae 
were also branched and with septa like vegetative hyphae 
(Appendix C).
Together with the results of virulence of Ssc mycelia 
at different ages, these observations on composition of 
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mycelia at different ages and their morphological features 
indicate that the loss of virulence of old mycelia in plants 
might reflect the effect of the aerial hyphae, which dominate 
the old mycelia.
2.3. The aerial hyphae-dominant old mycelia develop 
new hyphae much slower than young vegetative my-
celia when subcultured and this variation in growth 
rate does not maintain to progenies
The growth rate of new hyphae from old and young mycelia 
in subcultured plates was compared.  Results of colony 
diameter measurement showed that the growth rate of 
new hypha from mycelia plugs was negatively correlated to 
their growing time (Fig. 3).  At 24 h post culture (hpc), new 
mycelia grew from plugs of newly developed (0-day-old) 
mycelia, which did not contain any aerial hypha, generated 
a colony of 4.5 cm at diameter.  Plugs of 0.5-day- and 1-day-
old mycelia, which contain some aerial hyphae, formed 
significantly smaller colonies with a diameter of 3.8 cm; 
while plugs of 1.5-day-old-mycelia, which were dominated 
by aerial hyphae, developed the smallest colonies with a 
diameter of 2.5 cm (Fig. 3-A and C).  These results indicated 
that the aerial hyphae-dominant old mycelia developed new 
hyphae much slower than young vegetative mycelia when 
subcultured in new plates.
To probe whether the phenotype of lower growth rate of 
new hyphae from plugs of old mycelia when subcultured is 
transmitted to the progeny, the new mycelia were punched 
from edge of colonies grown for 30 h from plugs of mycelia at 
different ages (Fig. 4-A), and were subcultured in new plates. 
Results showed that growth of plugs of 0–1.5-day-old myce-
lia did not exhibit significant difference.  They grew slightly 
faster than those of 2–3.5-day-old mycelia (Fig. 4-B and 
D).  This difference in growth rate completely disappeared 
when the new mycelia of these colonies were subcultured 
again (Fig. 4-C and E).  These results implied that the slower 
growth rate of new hyphae from aerial hyphae-dominant old 
mycelial plugs in subcultured plates might be not a genetically 
controlled stable phenotype and rather it might reflect that 
new active vegetative hyphae would generate from the aerial 
hyphae-dominant old mycelia when nutrients and spaces 
met requirement and time required for this generation from 
the aerial hyphae-dominant mycelia might be much longer 
than that from young vegetative mycelia.  
2.4. Comparative proteomics analyses reveal that 
metabolism pathways are reprogrammed to sup-
press the oxalic acid accumulation in old S. sclero-
tiorum mycelia in comparison with young mycelia
To understand what causes the striking difference in viru-
lence of young and old mycelia in host plants, proteome of 
0–0.5-day-old (young) and over 2-day-old (old) mycelia were 
compared by the two-dimensional polyacrylamide gel elec-
trophoresis (2-D PAGE) assays.  Quantitative comparison 
demonstrated that 99 spots exhibited over 2-fold difference 
in protein abundance between young and old mycelia sam-
ples (Fig. 5).  All the 99 differentially expressed proteins 
were subjected to MALDI-TOF-TOF-MS analyses.  Finally, 
95 were identified successfully (Appendix D).  Out of the 95 
identified proteins, about two-thirds (59) were down-regulat-
ed in old mycelia.  These differentially expressed proteins 
were involved in regulation of metabolism (40/95, 42.1%), 
protein synthesis, degradation and proteolysis (9/95, 9.5%), 
amino acid biosynthesis and metabolism (8/95, 8.4%), 
growth and cell activities (7/95, 7.4%), antioxidation (3/95, 
3.1%), hydrophobic surface degradation (5/95, 5.3%), pro-
tein molecular chaperone and folding (5/95, 5.3%), signal 
Fig. 1  The composition and morphological characteristics of 
Sclerotinia sclerotiorum mycelia at various culture time/ages. 
A, the mycelium of S. sclerotiorum grown on PDA plate of 15 
cm at diameter for 4 days.  B to H, hyphae at different ages 
(0, 0.25, 0.5, 0.75, 1, 2, and 3 day, respectively) under light 
microscope.  Bar=50 µm.
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transduction and transport between nucleus and cytoplasm 
(4/95, 4.2%), transcription (2/95, 2.1%), and fungus-plant 
interaction (1/95, 1.0%).  There were additional proteins with 
unknown function (11/95, 11.6%) (Fig. 6).  
Among the differentially expressed proteins, 42.1% were 
related with metabolism, demonstrating that metabolism is 
systemically reprogrammed in old mycelia compared with 
young mycelia.  Notably, out of the 40 metabolism-related 
differentially expressed proteins, 15 (37.5%) were involved 
in metabolism of OA, a pivotal pathogenicity factor of Ssc. 
Comparative expression analyses of these 15 OA metab-
olism-related proteins revealed that metabolism repro-
gramming led to prevention of the OA accumulation in old 
mycelia.  Remarkably, four differentially expressed protein 
spots (822, 1 293, 1 832 and 1 839) were identified to be 
OAH, the key enzyme catalyzing the biosynthesis of OA from 
oxaloacetate.  These proteins were strongly accumulated 
in young mycelia but were unanimously not detected in old 
mycelia (Fig. 5 and Appendix D).  This result indicated that 
OA biosynthesis is strongly repressed in old mycelia.  In 
addition, expression of 10 proteins coincided with strong 
suppression in old mycelia of the production and accumu-
lation of oxaloacetate, the substrate for OA biosynthesis, in 
both mitochondria and glyoxysome.  Among these proteins 
were components or regulators of citrate cycle in mitochon-
dria and glyoxylate cycle in glyoxysome, including malate 
dehydrogenase (181, 345), isocitrate dehydrogenase (400, 
532), acetate-CoA ligase (327), fumarate reductase (137), 
isocitrate lyase (350) and citrate synthase (460, 761, 2 316) 
(Appendix D).  Collectively, these data demonstrated that 
metabolism pathways are comprehensively tuned to inhibit 
OA accumulation in aerial mycelia through strong suppres-
sion of both OA biosynthesis by OAH and accumulation of 
substrate for OA biosynthesis.
2.5. Bioinformatics identification of the OAH gene in 
S. sclerotiorum genome
To identify the OAH gene(s) in Ssc genome, the genome of 
Ssc strain 1980 (http://www.broadinstitute.org/annotation/
genome/sclerotinia_sclerotiorum/MultiHome.html) was 
searched using BLAST programs with the OAH protein 
sequences identified in the proteomics analyses of this 
study (gi|156049023 and gi|169777425).  Only one putative 
Fig. 2  The influence of mycelial culture time/age on S. sclerotiorum virulence in Brassica napus leaves.  A, necrotic disease 
symptom in B. napus leaves inoculated with S. sclerotiorum mycelia at different ages at 48 and 60 h post inocultaion (hpi) (See 
Fig. 1-A for mycelial age).  B, statistical analysis of lesion diameter of the inoculated leaves.  Data are means±SE analyzed using 
SPSS.  Small letters denote the significant difference among lesion diameter of the inoculated leaves (P≤0.05, Duncan’s multiple 
range test (DMRT)).  The same as below.  
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OAH sequence (SS1G_08218) was retrieved from these 
searches (Appendixes E, F and G).  SS1G_08218 was 
highly homologous to OAHs identified in other fungi, showing 
82.25 and 62.76% amino acid sequence identity to OAHs 
of Botrytis cinerea and Aspergillus niger (Han et al. 2007), 
respectively (Appendix H-a).  Domain composition analyses 
demonstrated that all these OAHs contained an ICL_PEPM 
domain (Appendix H-b).  Furthermore, SS1G_08218 carried 
Ser278 (Appendix H-a), the OAH marker amino acid near 
the C terminal (Joosten et al. 2008).  Collectively, these 
data revealed that SS1G_08218 was most probably a true 
Ssc OAH.  
2.6. Expression of the OAH gene is dramatically 
suppressed in old mycelia of S. sclerotiorum
To further understand the possible role of OAH (SS1G_08218) 
in Ssc, expression profiles of this gene in mycelia at differ-
ent ages were analyzed.  Quantitative RT-PCR analyses 
demonstrated that expression of the OAH gene was high 
in young mycelia, and dramatically reduced in old mycelia. 
Compared with 0-day-old mycelia, which were newly devel-
oped in the edge of the colony, expression of the OAH gene 
remarkably decreased by about 70% in 2-day-old mycelia, 
and nearly completely repressed in 3-day-old mycelia 
(Fig. 7).  This gene expression data supported the result of 
proteomic analysis that the OAH protein was not detected 
in old mycelia (Fig. 5).
2.7. OA secretion is blocked in old mycelia of 
S. sclerotiorum in planta
Comparative proteomics analyses and OAH gene expres-
sion analyses demonstrated that both gene expression 
and protein accumulation of OAH in old Ssc mycelia were 
strongly repressed (Fig. 7, Appendix D), indicating that OA 
biosynthesis is suppressed in old mycelia.  To confirm this 
expectation, OA secretion in planta after inoculation with 
mycelia at various ages was measured.  Plugs of 0-day-old 
(newly developed) and 3-day-old (old) mycelia were inocu-
lated in leaves of oilseed rape plants, and subsequently OA 
content in inoculated areas was measured.  Results showed 
that OA content increased significantly after inoculation with 
plugs of newly developed mycelia.  It reached about 6 mg 
g–1 at 36 hpi.  However, OA content did not alter obviously 
after inoculation with plugs of old mycelia, which was similar 
Fig. 3  Comparison of growth rate of new hyphae from mycelia at different culture times/ages in subcultured plates.  A, the growth 
of mycelia at different ages and thus containing different amount of aerial hyphae after subculture.  B, picture of colony at 4 days 
after culturing.  The position of mycelial plugs taken from the colony for subculture was indicated.  C, statistical analysis of the 
diameter of colony grown from mycelia plugs at different ages.  
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to that in uninoculated control plants (Fig. 8).  These results 
revealed that old mycelia of Ssc did not or only weakly secret 
OA when inoculated in plants.
2.8. Exogenous OA supply partially recovers the 
virulence of old mycelia of S. sclerotiorum
If suppression of OA secretion is the main cause to loss of 
the virulence in host plants, it is expected that exogenous 
OA supply should recover the virulence of old mycelia.  To 
test this expectation, effect of exogenous OA supply on the 
virulence of old mycelia was investigated.  Different areas 
of the same leaves of N. benthamiana were infiltrated with 
OA (pH 7.0, 10 mmol L–1, a concentration of OA that has 
been reported to commonly accumulate in plants after Ssc 
infection) (Kim et al. 2011).  As controls, leaves were non-in-
filtrated or infiltrated with sterilized ddH2O (pH 7.0).  1 h later, 
plugs of mycelia with different ages were inoculated on the 
OA-pre-infiltrated areas of the same leaves.  Compared 
with the non-infiltration control, infiltration with sterilized 
ddH2O (pH 7.0) strongly increased the size of the necrotic 
disease lesions caused from all types of mycelia plugs 
(Fig. 9-A).  This reflected the general disease promotion 
effect from infiltration-caused wounding.  In comparison with 
water mock infiltration controls, OA supply slightly reduced 
the size of necrotic disease lesions resulted from plugs of 
0-day-old mycelia, which was 12.3 and 10.7 mm at 17 hpi; 
20 and 17.8 mm at 24 hpi and 33 and 28.7 mm at 42 hpi 
in control and OA-treated areas, respectively.  However, 
OA supply strikingly increased the size of necrotic lesions 
resulted from plugs of 1–3-day-old mycelia, which at 42 hpi 
was 16.7 and 26.3 mm for plugs of 1-day-old mycelia; 10.3 
and 19 mm for plugs of 2-day-old mycelia and 6.7 and 15.5 
mm for plugs of 3-day-old mycelia in control and OA-treated 
Fig. 4  The growth rate of old mycelia restored after subculture for three generations.  A, colonies of plugs of mycelia at different 
ages and thus containing different amount of aerial hyphae at 30 h post culture (hpc).  The position of mycelial plugs taken from 
the colony for subculture was indicated.  B, subculture colonies of plugs of mycelia as indicated at A at 30 hpc.  The positions of 
mycelial plugs taken from the colony for the next subculture were indicated.  C, subculture colonies of plugs of mycelia as indicated 
at B at 30 hpc.  D, statistical analysis of the diameter of subculture colonies shown at B.  E, statistical analysis of the diameter of 
subculture colonies shown at C.  
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areas, respectively (Fig. 9-B).  These data demonstrated that 
exogenous supplied OA partially recovers the virulence of 
old mycelia.  Together with the above results, these data 
revealed that suppression of OA secretion is the main cause 
to loss of the virulence in host plants.
3. Discussion
Sclerotinia sclerotiorum (Ssc) is one of the most successful 
and dangerous phytopathogens around the world.  Unlike 
the majority of filamentous fungal phytopathogens, Ssc does 
not form any asexual spore in its life.  Thus, in laboratory 
research, to evaluate the fungal virulence in plants or the 
plant resistance to this fungus, the plants are usually inoc-
ulated with plugs of the fungal mycelia, followed by mea-
suring the necrotic lesion area caused by the inoculation. 
Researchers often use the plugs of mycelia from outside 
part of the fungal colony to inoculate plants (Godoy et al. 
1990; Chen and Dickman 2005), since the mycelia from 
more outside the colony exhibit obviously higher virulence 
in host plants in comparison with those from more inside the 
colony (Fig. 2).  The two type mycelia vary in two aspects, 
the age and property.  The mycelia from more outside the 
colony are younger and are comprised of only or at least 
mainly vegetative hyphae while those from more inside the 
colony are older and dominated by aerial hyphae (Fig. 1). 
In essence, the variance of mycelia in virulence should 
mainly result from the category of hyphae, vegetative or 
aerial hyphae, rather not culture time/age, since the older 
mycelia have entered into a new developmental stage and 
the majority of these old mycelia is aerial hyphae although 
there might be still a few mature and old vegetative hyphae 
at the bottom (Fig. 1).  Furthermore, the mycelia plugs 
were upside down inoculated in leaves, i.e., aerial hyphae 
rather not the limited number of mature vegetative hyphae 
touch the leaf surface.  Additionally, like Ssc, some other 
pathogens do not produce any asexual spore.  These patho-
gens include other species of Sclerotinia such as S. minor, 
S. nicotianae and S. miyabeana; Rhizoctonia spp. such as 
R. solani, R. microsclerotia, R. crocorum and R. zeae; Scle-
rotium spp. such as S. complanatum, S. rolfsii, S. oryzae, 
S. oryzae-sativus, S. hydrophilum and S. fumigatum, and 
Papuladpora byssina.  It is conceivable that similar attention 
should be paid when conducting inoculation experiments 
using mycelial plugs of these phytopathogens.
What causes the aerial hyphae-dominant old mycelia 
lose the virulence in plants?  We address this question in 
this study through combining proteomics, bioinformatics, 
molecular and physiological approaches.  Comparison 
of proteomic profiles of the young vegetative and aerial 
hyphae-dominant old mycelia reveals that metabolism 
pathways are comprehensively reprogrammed to strikingly 
suppress the accumulation of oxalic acid (OA), which is 
the key pathogenicity factor of Ssc (Godoy et al. 1990), in 
old mycelia in comparison with young vegetative mycelia. 
Fifteen proteins that are involved in OA metabolism are dif-
ferentially expressed in the two types of mycelia.  In aerial 
hyphae-dominant old mycelia, protein of OAH, the key en-
zyme catalyzing the biosynthesis of OA from oxaloacetate, 
is not detected; and the production and accumulation of 
oxaloacetate, the substrate for OA biosynthesis, in both mi-
tochondria and glyoxysome are strongly suppressed (Fig. 5 
and Appendix D).  Amino acid metabolism was also regu-
lated to impede OA accumulation in old mycelia, including 
suppression of branched chain amino acid biosynthesis and 
promotion of glutamate production (Fig. 5 and Appendix D). 
Moreover, through comparison of our proteomics data and 
Fig. 5  Two-dimensional polyacrylamide gel electrophoresis 
profiles of proteomes of young (0–0.5-day-old, A) and old (over 
2-day-old, B) S. sclerotiorum mycelia.  The protein spots up-
regulated in mycelia were indicated.  The gels were stained by 
silver staining method.
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Ssc 1980 genome sequence data, we identify SS1G_08218 
as the Ssc OAH gene (Appendixes D, E, F and G, Fig. 5). 
Expressional analysis demonstrates that expression of the 
OAH gene is dramatically repressed in old mycelia (Fig. 7), 
and thus fitting the proteomics data (Fig. 5 and Appendix 
D).  Furthermore, in planta OA measuring data demonstrate 
that old mycelia do not secret OA into the inoculated plant 
leaves (Fig. 8).  Collectively, all these results reveal that 
aerial hyphae-dominant old mycelia are unable to biosyn-
thesize and secret OA due to blockage of the OAH-depen-
dent OA biosynthesis pathways resulted from metabolism 
reprogramming.  Finally and most importantly, exogenous 
supplied OA (pH 7.0, 10 mmol L–1, a concentration of OA 
that has been reported to commonly accumulate in plants 
after Ssc infection) (Kim et al. 2011) partially recovers the 
virulence of aerial mycelia in host plants (Fig. 9).  This re-
sult reveals that suppression of OA secretion from the old 
mycelia is the main cause to loss of the virulence of Ssc 
aerial hyphae-dominant old mycelia in host plants.  Never-
theless, it is noteworthy that exogenous supplied OA can 
Fig. 6  Functional classification of the identified 95 proteins differentially expressed between young (0–0.5-day-old) and old (over 
2-day-old) mycelia of S. sclerotiorum.
Fig. 7  Expression of the oxaloacetate acetylhydrolase (OAH) 
gene in S. sclerotiorum mycelia at different ages.  The OAH 
gene for expression analysis is SS1G_08218. 
Fig. 8  Influence of mycelial culture time/age on OA secretion 
ability of S. sclerotiorum mycelia after inoculation in B. napus 
leaves. 
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not fully restore the virulence of old mycelia in host plants 
to the level of young vegetative mycelia (Fig. 9).  This may 
be because the concentration and/or the pH value of OA 
are not most suitable.  Alternatively, pathogenicity factor(s) 
other than OA, such as cell wall-degrading enzymes, are 
also blocked in old mycelia.  Additionally, it seems that OA 
supply slightly reduced the size of necrotic disease lesions 
resulted from plugs of 0-day-old mycelia (Fig. 9).  This 
may be because the 0-day-old mycelia are able to secret 
high concentration of OA into plant leaves.  Thus, together 
with the exogenous supplied high concentration of OA (10 
mmol L–1), the total concentration of OA in the inoculated 
tissues might be slightly higher than the concentration that 
Ssc mycelia can tolerate, and thus slightly suppress Ssc.
From the expressional analysis we find that OAH gene 
expression in 1-day-old mycelia is not significantly different 
from that in 0-day-old mycelia (Fig. 7).  However, the virulence 
of 1-day-old mycelia in host plants significantly decreases 
(Fig. 2).  This might be explained by that the 1-day-old mycelia 
comprise mainly mature vegetative hyphae, in which OAH is 
highly expressed at a level that is only slightly lower than in 
young vegetative hyphae which are rich in the 0-day-old my-
celia.  Therefore, OAH gene expression in 1-day-old mycelia 
is only slightly lower than that in 0-day-old mycelia (Fig. 7). 
On the other hand, the 1-day-old mycelia form dense aerial 
hyphae at their top, while most of the 0-day-old mycelia do not 
(Fig. 1).  When inoculated, the mycelial plugs were put upside 
down on the leaves, and thus the aerial hyphae, which are 
significantly less virulent, touch the leaf surface.  Therefore, 
inoculation with 1-day-old mycelia led to significantly less 
severe necrosis symptoms when compared with the 0-day-
old mycelia (Fig. 2).  Thus, the 1-day-old mycelia as a whole 
is less virulent than the 0-day-old mycelia.
What is the nature of loss of virulence of aerial hy-
phae-dominant old mycelia?  Environmental factors greatly 
affect the growth of Ssc mycelium.  When nutrients and 
space are enough, vegetative hyphae keep growing rapidly 
and sparsely.  However, once nutrients and/or space are lim-
ited, aerial hyphae develop from vegetative hyphae.  Unlike 
vegetative hyphae, aerial hyphae grow upwards in the air 
and are much smaller (Fig. 1, Appendixes B and C), and thus 
should be more space- and nutrient-effective.  Therefore, 
conversion of vegetative mycelia growth into aerial mycelia 
growth reflects an adaptation to limitation of nutrients and/
Fig. 9  OA supply partially recovered the virulence of S. sclerotiorum old mycelia.  A, necrotic disease symptom caused by inoculation 
with 0–3 day-old mycelia in N. benthamiana leaves that were pre-infiltrated with sterilized ddH2O (pH 7.0) or OA (10 mmol L
–1, pH 
7.0) or non-infiltrated (NI) as another control.  Photographs were taken at 17, 24 and 42 hpi, respectively.  B, statistical analysis 
of the lesion diameter using SPSS.  
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or space.  This is also demonstrated from the metabolism 
reprogramming to down-regulation of energy production 
and consumption in aerial hyphae-dominant old mycelia 
as indicated from comparative proteomics analysis (Fig. 5 
and Appendix D).  Tricarboxylic acid cycle (Krebs cycle) in 
mitochondria and glyoxylic acid cycle in glyoxysome are 
strikingly repressed in aerial hyphae-dominant old mycelia. 
As an intermediate product of these cycles, the produc-
tion and accumulation of oxaloacetate, the substrate for 
OA biosynthesis, are strongly suppressed as well.  More 
importantly, aerial hyphae-dominant old mycelia do not 
accumulate OAH protein (Fig. 5 and Appendix D).  There-
fore, metabolism reprogramming results in suppression 
of OA generation in aerial hyphae-dominant old mycelia, 
which leads to loss of virulence in host plants.  Additionally, 
conversion between young vegetative mycelia growth and 
aerial mycelia growth is reversible.  When enough nutri-
ents and space are available, young vegetative mycelia 
will develop from aerial mycelia, and thus aerial mycelia 
growth is conversed into young vegetative mycelia growth 
(Figs. 3 and 4).  Collectively, loss of virulence of aerial 
hyphae-dominant old mycelia is conceivable in view of its 
biological function.
4. Conclusion
Virulence of the S. sclerotiorum mycelia in plants dramat-
ically decreases along with the increase of the mycelial 
age.  Metabolism pathways are comprehensively repro-
grammed to suppress the oxalic acid (OA) accumulation 
in old mycelia as revealed by comparative proteomics 
analyses.  Both gene expression and protein accumulation 
of oxaloacetate acetylhydrolase (OAH) in old mycelia are 
strongly repressed.  OA accumulation in planta is strikingly 
reduced in old mycelia-inoculated plants compared with 
young vegetative mycelia-inoculated plants.  Supply with 
10 mmol L–1 OA enables the old mycelia infect the host 
plants.  Moreover, the old mycelia are dominated by aerial 
mycelia with much smaller hypha diameter and significantly 
slower growing rate when subcultured.  Collectively, our 
results reveal that S. sclerotiorum aerial hyphae-dominant 
old mycelia fail to accumulate OA and thereby lose the 
virulence in host plants.
5. Materials and methods
5.1. Fungal and plant materials
Sclerotinia sclerotiorum (Ssc) isolate 1980 was cultured 
at 25°C on potato dextrose agar (PDA) plates.  To obtain 
Ssc mycelia at various ages, Ssc mycelium-agar plugs 
containing fresh vegetative hyphae were transferred to 15 
cm-Petri dishes and cultured for 4 days.  The position of 
colony edge was marked on the bottom of the Petri dish 
every 24 h to distinguish the different ages of mycelia.  The 
Ssc host plants Brassica napus and Nicotiana bethamiana 
were grown in growth chambers at 70% RH with a 14 h/10 h 
light/dark and 25°C/23°C daily cycle.  
5.2. Light microscopic observation of S. sclerotiorum 
mycelia
The different types of hyphae were observed under a 
Nikon microscope, Japan.  Pictures were taken by the 
charge-coupled device (CCD) on the microscope and saved 
as TIF files.  The diameter of hyphae was measured under 
microscopy using Image-Pro Plus 6.0 software (Media 
Cybernetics, USA).
5.3. S. sclerotiorum inoculation
Fully developed leaves of B. napus and N. benthamiana 
plants were excised at petioles and immediately wrapped 
with water-imbibed bibulous paper, and subsequently put 
into a plastic box for inoculation.  Ssc mycelium-agar plugs 
of 5 mm at diameter at various ages were taken from PDA 
plates, and then were stuck mycelial side down onto the 
detached leaves.  The box was wrapped with plastic film to 
ensure that high humidity was maintained inside the box, 
which were then put into the growth chamber and grown at 
22°C.  The necrosis disease symptoms were photographed 
and the size of lesions was measured and statistically 
analyzed.
5.4. Proteomics analyses
S. sclerotiorum mycelia at different ages were collected by 
scraping carefully from the culture plates using sterilized 
razor blades.  Protein extraction and preparation for loading, 
two-dimensional polyacrylamide gel electrophoresis and 
image analysis, in-gel tryptic digestion, mass spectrometry 
(MS) analysis, and database search were performed as 
described previously (Xu et al. 2012).  MS and MS/MS 
spectra were directly analyzed by database searching using 
MASCOT 2.1 (MatrixScience, London, UK) with BioTools 3.0 
(Bruker Daltonics, Bremen, Germany).  Mass spectra were 
searched against the NCBI nonredundant protein (NCBInr) 
database.  The search parameters were set as follows: 
enzyme, trypsin; fixed modifications, carbamidomethyl 
cysteine; variable modifications, methionine oxidation; mass 
values, monoisotopic; protein mass, unrestricted; peptide 
charge state, 1+; maximum missed cleavages, 1; peptide 
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mass tolerance, ±100 ppm; fragment mass tolerance, ±0.8 
Da (Xu et al. 2012).
5.5. Bioinformatics identification of the OAH gene in 
S. sclerotiorum genome
The oxaloacetate acetylhydrolase (OAH) protein sequenc-
es identified in the proteomics analyses of this study 
(gi|156049023 and gi|169777425) were used to search using 
BLAST programs against the genome of Ssc strain 1980 
(http://www.broadinstitute.org/annotation/genome/sclero-
tinia_sclerotiorum/MultiHome.html).  Domain composition 
analyses were conducted against CDD database (http://
www.ncbi.nlm.nih.gov/cdd).  The OAH sequences from 
different fungal species were aligned using ClustalW 2.01 
program (Larkin et al. 2007).  The putative MW and pI value 
of OAH proteins identified in proteomics and bioinformatics 
analyses were comparatively analyzed.
5.6. Gene expression detection by qRT-PCR
Expression of the OAH gene was detected by quantitative 
real-time PCR (qRT-PCR) analyses.  The qRT-PCR anal-
yses and consequent statistical data analyses were con-
ducted as described (Zhao et al. 2013).  The primers used 
in qRT-PCR analyses for the SsOAH gene were SsOAH-F 
(5´-GTTGCGCCACCTACCACA-3´) and SsOAH-R (5´-TG-
CCGAGATCTGCCATTCC-3´), which were designed 
corresponding to SS1G_08218.  To normalize the sample 
loading variance, 18S rRNA gene was served as the inter-
nal control and the primers for this gene were 18S rRNA-F 
(5´-GGAGCCGCATGCCCTTCAC-3´) and 18S rRNA-R 
(5´-ATGCCCCCGACTATCCCTATTA-3´).
5.7. Determination of OA secreted in planta
Leaf discs (10 mm at diameter) were punched from Ssc-in-
oculated areas of leaves at 12, 24 and 36 hpi, respectively. 
25 discs per sample were ground in liquid nitrogen into fine 
powders, which were then transferred into 10 mL centrifuge 
tube containing 4 mL of 0.2 mol L–1 H2SO4 (H2O as CK). 
After shaking, the tubes were incubated in boiled water for 
10 min, and were then cooled down to room temperature. 
Subsequently they were centrifuged at 18 500×g for 10 
min.  The supernatants were collected, filterred (0.45 μm at 
diameter) and subjected to OA content determination by a 
high-performance liquid chromatography (HPLC) analysis 
as described (Walz et al. 2008).  The HPLC analysis system 
included an Agilent zorbax SB C18 chromatographic column 
tandem linked with an Agilent zorbax C18 pre-column, and 
using water solution (pH 4.5) containing 0.5% KH2PO4 and 
0.5 mmol L–1 TBA as mobile phase.
Acknowledgements
This work was financially supported by grants from the 
Special Fund for Agro-Scientific Research in the Public 
Interest, China (201103016), the Specialized Research 
Fund for the Doctoral Program of Higher Education, China 
(SRFDP) (20110101110092), the National Natural Science 
Foundation of China (31371892), the Program for New 
Century Excellent Talents in University (NCET-08-0485) 
and the Program for New Century 151 Talents of Zhejiang 
Province, China.
Appendix associated with this paper can be available on 
http://www.ChinaAgriSci.com/V2/En/appendix.htm
References
Bolton M D, Thomma B P, Nelson B D. 2006. Sclerotinia 
sclerotiorum (Lib.) de Bary: Biology and molecular traits of a 
cosmopolitan pathogen. Molecular Plant Pathology, 7, 1–16.
Cessna S G, Sears V E, Dickman M B, Low P S. 2000. Oxalic 
acid, a pathogenicity factor for Sclerotinia sclerotiorum, 
suppresses the oxidative burst of the host plant. The Plant 
Cell, 12, 2191–2200.
Chen C, Dickman M B. 2005. cAMP blocks MAPK activation 
and sclerotial development via Rap-1 in a PKA-independent 
manner in Sclerotinia sclerotiorum. Molecular Microbiology, 
55, 299–311.
Dickman M B, de Figueiredo P. 2013. Death be not proud-cell 
death control in plant fungal interactions. PLOS Pathogen, 
9, e1003542.
Godoy G, Steadman J R, Dickman M B, Dam R. 1990. 
Use of mutants to demonstrate the role of oxalic acid in 
pathogenicity of Sclerotinia sclerotiorum on Phaseolus 
vulgaris. Physiological and Molecular Plant Pathology, 37, 
179–191.
Han Y, Joosten H J, Niu W, Zhao Z, Mariano P S, McCalman 
M, van Kan J, Schaap P J, Dunaway-Mariano D. 2007. 
Oxaloacetate hydrolase, the C-C bond lyase of oxalate 
secreting fungi. Journal of Biological Chemistry, 282, 
9581–9590.
Joosten H J, Han Y, Niu W, Vervoort J, Dunaway-Mariano D, 
Schaap P J. 2008. Identification of fungal oxaloacetate 
hydrolyase within the isocitrate lyase/PEP mutase enzyme 
superfamily using a sequence marker-based method. 
Proteins, 70, 157–166.
Kabbage M, Williams B, Dickman M B. 2013. Cell death 
control: The interplay of apoptosis and autophagy in the 
pathogenicity of Sclerotinia sclerotiorum. PLOS Pathogen, 
9, e1003287. 
Kim H J, Chen C, Kabbage M, Dickman M B. 2011. Identification 
and characterization of Sclerotinia sclerotiorum NADPH 
oxidases. Applied and Environmental Microbiology, 77, 
7721–7729.
1045WANG Ji-peng et al.  Journal of Integrative Agriculture  2016, 15(5): 1034–1045
Kim K S, Min J Y, Dickman M B. 2008. Oxalic acid is an elicitor of 
plant programmed cell death during Sclerotinia sclerotiorum 
disease development. Molecular Plant-Microbe Interactions, 
21, 605–612.
Kirk P M, Cannon P F, Minter D W, Stalpers J A. 2008. Dictionary 
of the Fungi. 10th ed. CAB International, Wallingford, UK.
Larkin M A, Blackshields G, Brown N P, Chenna R, McGettigan 
P A, McWilliam H, Valentin F, Wallace I M, Wilm A, Lopez 
R, Thompson J D, Gibson T J, Higgins D G. 2007. Clustal 
W and Clustal X version 2.0. Bioinformatics, 23, 2947–2948.
Li Y, Zhao Y, Xu Y P, Wang J P, Cai X Z. 2014. Effect of oxalic 
acid on Ca2+ concentration and signaling pathways in plants. 
Journal of Zhejiang University (Agriculture & Life Sciences), 
40, 141–145. (in Chinese)
Liang X, Liberti D, Li M, Kim Y T, Hutchens A, Wilson R, Rollins 
J A. 2015. Oxaloacetate acetylhydrolase gene mutants of 
Sclerotinia sclerotiorum do not accumulate oxalic acid, but 
do produce limited lesions on host plants. Molecular Plant 
Pathology, 16, 559–571.
Walz A, Zingen-Sell I, Loeffler M, Sauer M. 2008. Expression of 
an oxalate oxidase gene in tomato and severity of disease 
caused by Botrytis cinerea and Sclerotinia sclerotiorum. 
Plant Pathology, 57, 453–458.
Williams B, Kabbage M, Kim H J, Britt R, Dickman M B. 2011. 
Tipping the balance: Sclerotinia sclerotiorum secreted oxalic 
acid suppresses host defenses by manipulating the host 
redox environment. PLOS Pathogen, 7, e1002107.
Xu Q F, Cheng W S, Li S S, Li W, Zhang Z X, Xu Y P, Zhou 
X P, Cai X Z. 2012. Identification of genes required for Cf-
dependent hypersensitive cell death by combined proteomic 
and RNA interfering analyses. Journal of Experimental 
Botany, 63, 2421–2435.
Zhang Z, Leng H, Zhang Z, Cao R, Zhang T. 1988. Plant 
Pathogenic Mycology. Sichuan Science and Technology 
Publisher, Chengdu, China. (in Chinese)
Zhao Y, Liu W, Xu Y P, Cao J Y, Braam J, Cai X Z. 2013. 
Genome-wide identification and functional analyses of 
calmodulin genes in Solanaceous species. BMC Plant 
Biology, 13, 70.
(Managing editor  ZHANG Juan)
